ABSTRACT Woody breast (WB) is a myopathy of the Pectoralis major muscle in broilers that is characterized by increased hardness of the raw fillet. This defect increases economic losses due to associated decreased meat quality and the addition of training skilled laborers to identify problematic fillets. Therefore, the objectives of this study were to determine if compression force (CF) could be used as a non-invasive method of detecting WB and to assess changes in meat attributes during cold storage. Deboned fillets (n = 121) were collected from 8-wk-old broilers, and categorized as normal (NORM, n = 42), mild (MILD, n = 39), and moderate/severe (SEV, n = 40) for WB. Right fillet weight, drip loss, and CF of the cranial region were measured on the day of processing (day 0) and 1, 2, 3, 4, and 8 d of cold storage (4 • C). Left fillets were sampled for sarcomere length (SL) and gravimetric fragmentation index (GFI) analysis following 1, 3, and 8 d of cold storage. Initial breast fillet weight, CF, cumulative drip loss, and SL increased as severity of WB category increased (P < 0.05). Compression force was highly correlated to WB severity (r s = 0.79). Compression force, SL, and GFI declined with storage time (P < 0.05), whereas cumulative drip loss increased (P<0.05). Cumulative drip loss, SL, and GFI had interactions between storage length and WB category (P < 0.05), where SEV generally changed more than NORM over time. The results of this study indicate that increased severity of WB fillets is associated with higher CF compared to normal fillets. Furthermore, there is a softening effect of the meat over time and data suggest that moisture (drip loss) and myofibril proteolysis (fragmentation) contribute to these changes. Using instrumental CF to assess fillet hardness can be used as a reliable tool to identify WB. However, adaptability in the commercial processing require additional studies prior to the incorporation into the processing plant for online grading purposes.
INTRODUCTION
Woody breast (WB) in broilers is characterized by distinct out bulging of the caudal region of the Pectoralis major, pale color, and hardness of the raw fillet that decrease meat quality (Sihvo et al., 2014; Mazzoni et al., 2015) . Breast fillets affected by WB alone or in combination with the myopathy, white striping, have lower protein and higher fat and collagen content, resulting in increased pH, drip loss, cook loss, and lower water-holding capacity and marinade uptake (Kuttappan et al., 2012a; Mazzoni et al., 2015; Soglia et al., 2016; Tijare et al., 2016) . As a result of the poor meat quality, severe WB fillets are often downgraded resulting in economic losses for poultry industry (Sihvo et al., 2014; Petracci et al., 2015; Kuttappan et al., 2016) . With the growing incidence and severity WB over the past years, this is a growing concern for the poultry industry.
A major contribution to this economic loss is the increased labor cost for the identification and grading of WB. Currently, WB is identified by tactile evaluation using a defined, yet subjective scale (Tijare et al., 2016) . Thus, development of an objective/instrumental method to quantify hardness would not only remove the subjectiveness of the current method, but could also reduce labor costs. Previous research has found that compression test of a section of the breast fillet can be used to determine severity of WB , but this method required the breast fillet to be cut for analysis, which is not an ideal method. Measuring compression directly on areas whole fillet would negate the need for sample cutting. Furthermore, personal observations indicate that the hardness of the fillet may change over time (Owens, unpublished data) . Additionally, it is unknown if storage time will alter the compression force 2600 (CF) force or other meat quality traits. Therefore, to determine if CF could be a viable non-invasive method to detect WB in the processing plant, we 1) evaluated the use of instrumental CF for detecting fillet hardness as detected by tactile assessment, 2) determined the effect of storage on the hardness (CF) of fillets, and 3) determined changes in breast meat attributes (drip loss, breast yield, SL, gravimetric fragmentation index (GFI) during storage of meat with varying degrees of WB.
MATERIALS AND METHODS

Sample Preparation
All fillets used in this study were collected from broilers processed at either 55 or 56 d of age utilizing a commercial-style inline processing system (Mehaffey et al., 2006) at University of Arkansas Poultry Processing Pilot Plant. Prior to harvest, feed, but not water, was withdrawn for 10 h. Broilers were electrically stunned, then bled out prior to de-feathering and manual evisceration. Carcasses were chilled for 90 min at 1
• C in immersion tanks following evisceration. Carcasses were then packed in ice and stored in a 4
• C walkin cooler until deboning at 2 h postmortem. Breast fillets were deboned by a small group of trained personnel (6 to 8 people) to avoid any difference in fillet dimension.
Whole breast fillets were evaluated for degree of hardness (WB) based on tactile evaluation using scale developed by Tijare et al. (2016) using categories of normal, mild, moderate, and severe. Forty-two fillets were collected for the normal category (NORM), 39 for the mild category (MILD), and 40 moderate and severe fillets. Due to limited availability, the moderate and severe categories were combined for analysis and will be referred to as severe (SEV). All fillets in the SEV category exhibited signs of extreme hardness with limited or no flexibility throughout the fillet. All fillets used in this study had matching scores for both the right and left breast fillet. After scoring, all fillets were individually packed in zip-sealed plastic bag, placed on ice, and stored in a 4
• C walk-in cooler for analysis.
Compression Force and Drip Loss
All butterfly fillets were split in half with the right fillet used for compression analysis and drip loss. Fillets were compressed to 20% of the fillet height 3 times on different areas of the cranial region using a 6-mm flat probe on a TA.XT Plus Texture Analyzer (Texture Technologies Corp., Hamilton, MA/Stable Micro Systems, Godalming, Surrey, UK). No sample cutting was required. The trigger force was set at 5 g, probe height set at 55 mm (higher than the thickest fillet sample), pre-and post-probe speeds were both 10 mm/s, and the test speed of the probe was 5 mm/s. Compression force was measured 3 times on each fillet. Compression test parameters were significantly modified from Mudalal et al. (2015) to accommodate for analysis on a whole fillet rather than a cylindrical cut of a fillet. Compression force was measured on each fillet on day 0 (day of processing), 1, 2, 3, 4, and 8 of storage at 4
• C. After compression test on each day, all fillets were packed in zip-sealed bag and stored in a 4
• C walk-in cooler until the next compression test period. The average CF of the 3 measurements were used for statistical analysis. Fillet weight was recorded after the final compression of the day to calculate the drip loss and cumulative drip loss. Drip loss was calculated as the percentage of weight change in the breast fillet compared to the previous weight. Cumulative drip loss was calculated similar to drip loss, except the comparison was always to day 0.
Sarcomere Length and GFI
Sections of the left fillet were cut on day 0 from cranial region to measure SL and GFI on day 1, 3, and 8 of cold storage (4 • C). Following the experimental time, samples were stored at -80
• C until determination of SL and GFI. Sarcomere length (μm) was measured using laser diffraction as described by Voyle (1971) and Cross et al. (1980) . Briefly, 3 to 5 g of cubed (5 to 7 mm) breast fillet was homogenized in a 0.25 M sucrose, 2 mM potassium chloride, 5 mM iodoacetate solution (20 ml) using a low speed to allow fiber separation. A drop of the homogenate was placed on a slide 100 mm from the base, and then the slide passed under a heliumneon laser until a diffraction pattern was observed. The distance between the origin and first-order diffraction band was measured. The GFI was measured according to methods described by Sams et al. (1991) . Briefly, breast fillet sections were homogenized in a 0.25 M sucrose, 2 mM potassium chloride, 5 mM iodoacetate solution, vacuum-filtered through a 250-μm nylon screen and the residual was dried and weighed.
Statistical Analysis
Data were analyzed using Proc Glimmix in SAS (SAS, 2011). For initial breast fillet weight, the main effect of WB score (NORM, MILD, and SEV) was fit as a fixed effect with day of processing fit as a random effect. For this analysis, only data from day 0 was included in the model. This model fitted a normal distribution and the residual plot showed random distribution. For CF, and cumulative drip loss, the main effect of WB score, day of storage, and the interaction of WB score and day were fit as fixed effects, day of processing was fit as a random effect, initial breast fillet weight was fit as a covariate, and breast fillet was fit as a repeated measure across day. For CF and cumulative drip loss data, the lognormal distribution was the best distribution for the data, and all data modeling was Data followed a lognormal distribution and were log transformed for statistical analysis. LS means and SEMs were back-transformed.
2 NORM = normal (n = 42), fillets were soft and flexible throughout; MILD = mild (n = 39), fillets were hard primarily on cranial region with some flexibility in middle to caudal region; SEV = moderate and severe (n = 40), fillets were extremely hard and rigid throughout with limited or flexibility from cranial to caudal region.
a-c Differences in superscript indicate differences between severity categories (P < 0.05).
conducted under this distribution. Residuals fell into a normal distribution and were randomly distributed in the residual plots, indicating the lognormal distribution is a well-fitting model. For GFI and SL, measurements were taken on a subsection of the tissue; therefore, the model included WB category, day of storage, and the interaction of WB category by day as fixed effects, day of processing fit as a random effect, and breast fillet fit as a repeated measure across day. Four measurements were removed from analysis for SL due to the values being greater than 4 standard deviations from the mean (n = 1 NORM day 8, n = 2 SEV day 3, and n = 1 SEV day 1). One measurement was removed from analysis for GFI due to the value being greater than 4 standard deviations from the mean (MILD day 1). These models fit a normal distribution, and the residual plot showed a random distribution. When main effects for statistical models were significant (P < 0.05), pairwise comparisons were determined using the pdiff statement and adjusted using Tukey's Honest Significant Difference test. Spearman's correlation (r s ) was analyzed between CF or breast weight and WB categories for analysis.
RESULTS
Initial Breast Fillet Weights
Initial breast fillet weights were different between degrees of severity of WB (P < 0.001; Table 1 ). Normal breast fillets were lighter than breast fillets that were MILD and SEV breast fillets (P < 0.001). Mildly (MILD) affected breast fillets were also lighter than SEV breast fillets (P = 0.011). Spearman's correlations were high (r s = 0.66 to 0.65 depending on storage day) at any given day (0 through 8 d) between WB category and breast fillet weight (Table 2) .
Compression Force
Compression force for breast fillet was different between degrees of severity of WB (P < 0.001; Table 1 ) and during cold storage (P < 0.001; Table 3 ), but were similar to the interaction between storage length and severity of WB (P = 0.13). Compression force for the cranial region of the breast fillets was greater for birds more severely affected by WB. SEV breast had the greatest CF (P < 0.001), MILD had less than SEV but greater than NORM (P < 0.001), whereas NORM had the least CF (P < 0.001). Additionally, CF declined over the course of cold storage (P < 0.001) in all categories (Figure 1 ). Spearman's correlations were high (r s = 0.79 to 0.84) depending on storage day (0 through 8 d) between WB category and CF, and correlations tended to increase as storage time increased (Table 2) .
Cumulative Drip Loss
Cumulative drip loss was different between WB categories (P = 0.013; Table 1), during cold storage (P < 0.001; Table 3 ), and the interaction of WB severity and length of cold storage (P < 0.001; Figure 2 ). Cumulative drip loss was greater for the SEV group compared to the NORM group (P = 0.011), but both groups were similar to MILD (P > 0.13). Cumulative drip loss was increased over the course of the 8-d storage (P < 0.001) with day 8 having the greatest cumulative drip loss and day 1 having the least. The greatest change in drip loss occurred with SEV category, as observed by a greater slope. 1 Data followed a lognormal distribution and were log transformed for statistical analysis. LS means and SEMs were backtransformed.
2 Units 3 This is the initial time-point and cumulative drip loss could not be calculated. 4 Measurements not taken on these days. a-f Differences in superscript indicate differences between days (P < 0.05). • C. Storage time and category were significant (P < 0.05).
Sarcomere Length and GFI
Sarcomere length from cranial region of breast fillets were different between WB categories (P < 0.001; Table 1 ), day of cold storage (P < 0.001; Table 3 ), and the interaction of WB category and day of cold storage (P = 0.013; Table 4 ). Sarcomere length was longest for the SEV group (P < 0.001) and shortest for the NORM group (P < 0.001) with the MILD group having an intermediate length. Sarcomere length decreased over time with day 8 having the shortest SL and day 1 having the longest (P < 0.001). Sarcomere length was longest for the SEV group at day 1 and 3 (P < 0.05) compared to all other groups, followed by SL in the MILD groups at day 1 and 3 and the SEV group at day 8 (P < 0.05). The sarcomeres were shortest for the NORM group at day 8 with the NORM day 1 and 3 shorter than the MILD and SEV groups (P < 0.05).
Gravimetric fragmentation index was different between WB categories (P < 0.001; Table 1 ), day of cold storage (P < 0.001; Table 3 ), and the interaction of WB category and day of cold storage (P = 0.016; Table 4 ). Gravimetric fragmentation index was highest for the SEV group (P < 0.001) and lowest for the NORM group (P < 0.001) with the MILD group having an intermediate index. Gravimetric fragmentation index was highest for day 1 and decreased over time (P < 0.001) until day 3. The SEV group decreased the most between day 1 and 3 compared to the NORM and MILD groups (P < 0.07). • C. Differences in superscript indicate differences between groups (P < 0.05). 1 NORM = normal (n = 42), fillets were soft and flexible throughout; MILD = mild (n = 39), fillets were hard primarily on cranial region with some flexibility in middle to caudal region; SEV = moderate and severe (n = 40), fillets were extremely hard and rigid throughout with limited or flexibility from cranial to caudal region.
a-f Differences in superscript indicate differences within a variable (P < 0.05).
DISCUSSION
Woody breast is characterized by distinct hardness throughout the Pectoralis major muscle that is currently detected using a subjective tactile measurement (Sihvo et al., 2014; Tijare et al., 2016) and is associated with poor meat quality Tijare et al., 2016) . Development of an instrumental method, such as use of CF analysis, to assess fillet hardness could provide an objective tool for identifying WB. In this study, CF were different among WB categories scored manually by tactile evaluation, where CF increased with increasing severity of WB categories at all days. On day 0, CF was highly correlated to WB category (r s = 0.79), and it was a stronger correlation than between CF and breast fillet weight (r s = 0.66), suggesting that CF could be a good tool for detecting WB. Previous research has also indicated that CF can distinguish between categories of WB Soglia et al., 2017) . This suggests that detecting hardness through instrumental methods may be useful in identifying WB, though rapid methods would be needed in processing environments. However, fillets in this study softened over time as indicated by decreasing CF through 8 d of storage in all WB categories (NORM, MILD, SEV). Correlations between CF and WB category (at day 0) remained high and tended to increase as storage time, through 8 d, increased (r s = 0.79 to 0.84), suggesting that using CF to assess WB at later days could still be useful, though fillets would need to be assessed at the same postmortem time. Soglia et al. (2017) evaluated CF changes through 7 d and reported few changes over time with either normal or WB; fillet samples (2 × 1 × 1 cm) were compressed with either 40 or 80%. Using an 80% compression on the surface samples of WB, CF decreased from 10 to 72 h (1 to 3 d). Force was numerically lower but not significantly different from 10 to 120 or 168 h (Soglia et al., 2017) . The differences in this study and the previous study may be due to the amount of compression used, sample dimensions, and/or sample number. Compressing to only 20% (current study parameters) may be more comparable to tactile evaluation compared to using higher levels of compression, and the limited size of the cut sample in the previous study may have also impacted the hardness levels, especially if there were inconsistencies in the hardness of the fillet at the given sample location. Furthermore, the sample number was low and each storage period consisted of different fillets.
In this study, the same fillet was assessed throughout the 8 d of storage. This observed softening effect in this study could impact the identification of WB after a few days of storage. This can be problematic for industry as fillets are often stored multiple days before further processing due to logistics. However, if fillets are compared at the same postmortem time, differences still exist among categories and according to correlations in the present study, the CF would still be highly correlated to the initial WB category. The softening of raw fillets is not likely to improve quality of the meat due to the nature of the meat quality changes associated with WB. Soglia et al. (2017) noted no improvements in shear properties of WB over time through 7 d of storage. Therefore, it will be critical when developing methods to classify breast fillets in various WB categories to account for storage time, even if criteria are set for specific products (e.g., fillet postmortem age).
As expected, initial breast fillet weights were heavier for breast fillets with more severe WB, since it has been reported that heavier birds having a greater incidence of more severe WB . While there is a significant relationship between body weight or rate of gain in broilers and WB severity or other myopathies, there are broilers that are heavy at processing with little to no evidence of WB. Kuttappan et al. (2017) showed that increasing fillet weight was associated with increased incidence of WB for broilers 6 wk of age, but the relationship for broilers 9 wk of age was not as strong. In that study, the incidence of myopathies, including WB, plateaued at higher fillet weights. This implies that the relationship between fillet weight and WB may vary with age and/or weight, with a weaker relationship with overall higher weights (Kuttappan et al., 2017) . While selection of breast fillets based on body or fillet weight could be used for sorting, heavier fillets are unaffected by WB and lighter fillets are affected by WB would be improperly sorted. Therefore, the initial breast fillet weight was included in the statistical model to prevent selection of traits based on their relationship with the breast fillet weight.
Drip loss was elevated with increasing WB severity. These results are in agreement with Mudalal et al. (2015) and Kuttappan et al. (2017) , who observed initial increases in drip loss with increasing WB severity. Other studies have indicated that water holding capacity, in the form of marination uptake and cook loss, have been negatively affected by WB (Tijare et al., 2016; Cai et al., 2017; Kuttappan et al., 2017) . The greatest amount of drip loss occurred in the first 24 h and then gradually increased with each storage period. The increasing drip loss may contribute to the softening effect observed in all fillets.
To determine changes in the muscle fiber, SL (μm) and GFI were determined. Similar to our study, Tijare et al. (2016) reported increased sarcomeres length from middle-caudal region of the breast fillets affected by both white striping and WB and/or WB compared to normal fillets. Tijare et al. (2016) stated that it may be possible that the increased collagen and/or loss of the muscle fiber associated with breast myopathies prevents shortening. However, the reason for sarcomere shortening during storage in this study is still unknown. Previous research related to ovine and bovine found that SL tends to increase over extended storage (up to 2 wk) due to increased proteolysis (Wheeler and Koohmaraie, 1994) . However, unlike CF, there was a difference between WB severity category and storage time indicating that differences between WB score alter the way the SL shortens with time. It is hypothesized that this is most likely a result of the increased collagen in the muscle. While this is not a method that would be useful for quickly sorting affected breast fillets from unaffected or less severely affected breast fillets, these additional data do provide insight as to how the muscle structure is altered with various degrees of the WB myopathy.
Gravimetric fragmentation index is a method that measures degree of myofibril fragmentation, and the index value is inversely related to fragmentation due to proteolysis at the Z line (Olson et al., 1976) . In this study, breast fillets with a more severe classification of WB had higher GFI compared to normal fillets or moderate fillets (Table 3) . Similarly, Tijare et al. (2016) reported a numerical increase in GFI for WB fillets compared to normal breast fillets. This increase was suggested to be due to the increased collagen content that is associated with the WB myopathy as a result of pre-harvest myofiber degeneration (Sihvo et al., 2014; Soglia et al., 2016) . However, GFI decreased with storage time from 1 to 3 d for fillets in all categories suggesting the fillets underwent postmortem proteolysis. This is expected as fragmentation, due to proteolysis, generally increases with aging; McKee et al. (1997) reported a decreased in fragmentation index from 0 to 71 h postmortem in broiler breast meat. Postmortem proteolysis may also play a role in the softening effect in fillets over time as suggested by the similarities in trends of decreasing GFI and decreasing CF over time. Further, it may be possible that the increased hardness in SEV WB is associated with total collagen as well, resulting in the overall differences in CF between categories. Additional research is required to fully explore relationship of the etiology of WB on muscle composition and traditional measures of meat quality.
In conclusion, WB is a meat quality defect that is adding to processing costs in the broiler industry, but is currently identified using a subjective labor-intensive method to assess fillet hardness, a prominent characteristic of this condition. Measuring CF can be used as an objective measurement of fillet hardness. The results of this study show differences in CF between fillets originally categorized by tactile evaluation. However, it was also determined that CF decrease for all fillets over short-term storage with the greatest amount of change in the first few days of storage. This softening effect in normal and WB fillets is still not fully understood, but could be related to multiple factors including loss of moisture and postmortem proteolysis, rather than a single factor. This softening of fillets over time could have potential impacts in the poultry industry if fillets are assessed for hardness at various times (i.e., days) postmortem, depending on product flow. Further studies should focus on the development of predictive models for identifying WB severity using CF or other non-invasive online methods that would allow for rapid online sorting of product.
